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I 
Fundamental equat ions  descr ib ing  t r a n s p o r t  i n  d i l u t e  e l e c t r o l y t i c  so lu t ions  

have been know! s ince  t h e  t u r n  of t h e  century.  In a n  e.Lect,rochemical system, many 
processes  occur simultaneously, and t h e  treatment. of such systems involves  cons-i- 
d e r a t i o n  of  t h e  ohmic p o t e n t i a l  drop, concent ra t ion  changes near  e lec t rodes ,  a n d  
t h e  k i n e t i c s  of the  heterogeneous e l e c t r o d e  reac t ion .  

Applicat ion of t h e s e  p r i n c i p l e s  has followed two main courses. There a r e  sys- 

t r a n s p o r t  problems. " 

A t  c u r r e n t s  much below t h e  l i m i t i n g  c u r r e n t  it i s  p o s s i b l e  t o  neglect  concen- 
t r a t i o n  v a r i a t i o n s  near  t h e  e l e c t r o d e s .  The cur ren t  d i s t r i b u t i o n  i s  then de ter -  
mined b y  the  ohmic p o t e n t i a l  drop i n  t h e  s o l u t i o n  and by e l e c t r o d e  overpoten t ia l s .  
Mathematically, t h i s  means t h a t  t h e  p o t e n t i a l  s a t i s f i e s  Laplace ' s  equation, and 
many r e s u l t s  of p o t e n t i a l  theory,  developed i n  e l e c t r o s t a t i c s ,  t h e  flow of inviscid 
f l u i d s  and s teady  h e a t  conduction i n  s o l i d s ,  a r e  d i r e c t l y  appl icable .  Let us  c a l l  
t h e s e  p o t e n t i a l - t h e o r y  problems. " The e l e c t r o d e  k i n e t i c s  provide boundary condi- 
t i o n s  -4hich a r e  1:sually d i f f e r e n t  from those encountered i n  o t h e r  a p p l i c a t i o n s  of 
p o t e n t i a l  theory.  

Zl 

Problems have been t r e a t e d  which do not f a l l  wi th in  e i t h e r  of t h e s e  two 
c l a s s e s .  
e s s e n t i a l  but n e i t h e r  concent ra t ion  v a r i a t i o n s  near  t h e  e l e c t r o d e  nor t h e  ohmic 
p o t e n t i a l  drop i n  the  s o l u t i o n  can be  neglected.  These involve c u r r e n t s  below, 
but  at a n  apprec iab le  f r a c t i o n  of, t h e  l i m i t i n g  cur ren t .  

F i r s t ,  t h e r e  are "intermediate  problems," where convective t m n s p o r t  i s  

Some problems a r e  not  so genera l ,  b u t  can he  regarded as a n  extension of t h e  
convect ive- t ransport  problems. A t  t h e  l i m i t i n g  c u r r e n t  t h e  ohmic p o t e n t i a l  drop 
i n  t h e  bulk  o f  t h e  s o l u t i o n  may s t i l l  be n e g l i g i b l e ,  b u t  t h e  e l e c t r i c  f i e l d  i n  t h e  
d i f f u s i o n  l a y e r  near e l e c t r o d e s  may l e a d  t o  a n  enhancement of t h e  l i m i t i n g  current .  
The c u r r e n t  may then b e  d i s t r i b u t e d  i n  a similar fashion, but  t h e  magnitude i s  
changed. 

In porous e l e c t r o d e s  convection may not be  present ,  bu t  it i s  usua l ly  neces- 
s a r y  t o  consider  t h e  ohmic p o t e n t i a l  drop, concent ra t ion  v a r i a t i o n s ,  and e lec t rode  
k i n e t i c s .  
o f  t h e  d e t a i l e d ,  random geometry o f  t h e  porous s t r u c t u r e .  
theory  a r e  then not a p p l i c a b l e  s ince  l a p l a c e ' s  equat ion  does not  hold. 

Transport  2 e l e c t r o l y t i c  so lu t ions .  
a r e  t o  be  de temined  from t h e  equat ions 

Most t rea tments  adopt  a macroscopic model which does not t a k e  account 
Resul ts  of  p o t e n t i a l  

The concent ra t ion  and p o t e n t i a l  d i s t r i b u t i o n s  

(1) i '  
N .  = -Z.U.F'c.VO - D.Vc -+ IC 
-1 1 1  1 1 i  

i i 

The f i r s t  s t a t e s  t h a t  s p e c i e s  i n  t h e  s o l u t i o n  can move by migrat ion,  d i f fus ion ,  
and convection. The second i s  a m a t e r i a l  balance f o r  a spec ies .  The t h i r d  s t a t e s  
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t h a t  t h e  cur ren t  a r i s e s  from t h e  motion of  charged p a r t i c l e s .  
d i t i o n  of e l e c t r o n e u t r a l i t y .  
t rochemical  systems. The f l u i d  v e l o c i t y  i s  t o  be determined from t h e  laws of f l u i d  
mechanics . 
Electrode k ine t ics .  The d i f f e r e n t i a l  equat ions descr ib ing  t h e  e l e c t r o l y t i c  s o l u t i o n  
requi re  boundary condi t ions  i n  order  f o r  t h e  behavior  o f  a n  electrochemical  system 
t o  be pred ic ted .  The most complex of  t h e s e  concerns t h e  k i n e t i c s  of  e l e c t r o d e  reac- 
t i o n s  and r e l a t e s  t h e  normal component o f  t h e  cur ren t  d e n s i t y  a t  an e l e c t r o d e  t o  t h e  
surface overpoten t ia l .  The sur face  overpoten t ia l  qs can be defined a s  t h e  p o t e n t i a l  
of t h e  working e lec t rode  r e l a t i v e  t o  a re ference  e l e c t r o d e  of t h e  same kind located 
j u s t  ou ts ide  t h e  double l a y e r .  

The f o u r t h  i s  t h e  con- 
These laws provide t h e  b a s i s  f 3 r  t h e  a n a l y s i s  of e lec-  

There i s  no completely genera l  expression descr ib ing  e lec t rode  k i n e t i c s .  How- 
ever, it i s  adequate f o r  our present  purpose t o  assume that t h e  cur ren t  d e n s i t y  de- 
pends exponent ia l ly  on t h e  sur face  overpoten t ia l  i n  t h e  fol lowing form: 

i = io [exp {g qs} - exp i- + 1 11 . ‘ I .  
(5)  

Convective-transport problems. For t h e  r e a c t i o n  of  minor i o n i c  spec ies  i n  a solu- 
t i o n  containing excess support ing e l e c t r o l y t e ,  it should be permiss ib le  t o  neglect  
t h e  cont r ibu t ion  of i o n i c  migrat ion t o  t h e  flux of t h e  r e a c t i n g  ions,  so that equa- 
t i o n  ( 1 )  becomes 

N. = -D.Vc. + , ( 6 )  1 1 1  

and s u b s t i t u t i o n  i n t o  equat ion (‘2) y i e l d s  

( 7 )  

This  may b e  ca l led  t h e  equat ion of convective d i f f u s i o n .  A similar equat ion a p p l i e s  
t o  convective hea t  t r a n s f e r  and convective mass t r a n s f e r  i n  non-e lec t ro ly t ic  solu- 
t i o n s .  Since t h e s e  f i e l d s  have been s tudied i n  d e t a i l ,  it i s  p o s s i b l e  t o  apply  many 
r e s u l t s  t o  electrochemical  systems which obey equat ion (7). 

The systems t y p i c a l l y  s tud ied  i n  heat  and mass t r a n s f e r  involve laminar  and 
t u r b u l e n t  flow ’with var ious geometric arrangements. The flow may be  due t o  some more 
o r  less w e l l  charac te r ized  s t i r r i n g  (forced convect ion)  o r  may be  t h e  r e s u l t  o f  den- 
s i t y  d i f f e r e n c e s  c rea ted  i n  t h e  s o l u t i o n  as  part of  t h e  t r a n s f e r  process  ( f r e e  con- 
vec t i on ). 

E s s e n t i a l  t o  t h e  understanding o f  convect ive- t ransport  problems i s  t h e  concept 
of  t h e  d i f f u s i o n  layer. Frequently, due t o  t h e  small valuo of t h e  d i f f u s i o n  coef f i -  
c i e n t ,  t h e  concentrat ions d i f f e r  s i g n i f i c a n t l y  from t h e i r  bu lk  values  only i n  a t h i n  
region near  t h e  sur face  of  a n  e lec t rode .  I n  t h i s  reg ion  t h e  v e l o c i t y  i s  small, and 
d i f f u s i o n  i s  important t o  t h e  t r a n s p o r t  process .  The t h i n n e s s  of  t h i s  region permits 
a s i m p l i f i c a t i o n  i n  t h e  ana lys i s ,  b u t  it i s  erroneous t o  t reat  t h e  d i f f u s i o n  layer 
as a s tagnant  region. Figure 1 shows t h e  concent ra t ion  p r o f i l e  i n  t h e  d i f f u s i o n  
layer, wi th  t h e  e lec t rode  sur face  a t  the  l e f t .  
t r a n s p o r t  dominates, while  a t  t h e  sur face  i t s e l f  t h e r e  i s  only d i f f i s i o n .  

F a r  from t h e  sur face  convect ive 

To i l l u s t r a t e  t h e  cur ren t  d i s t r i b u t i o n  obtained i n  t h i s  type of problem, con- 

For laminar 
sider two plane e l e c t r o d e s  o f  length  L and separated by a d i s t a n c e  h and which form 
parts o f t h e  walls of a flow channel with otherwise i n s u l a t i n g  wal ls .  
flow fran l e f t  t o ’ r i g h t ,  wi th  a n  average v e l o c i t y  <v>, t h e  l i m i t i n g  c u r r e n t  dens i ty  
has t h e  d i s t r i b u t i o n ,  as i l l u s t r a t e d  i n  f i g u r e  2, 

e 
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where x i s  t h e  d ig tance  a long  the e lec t rode .  
the upstream edge of  t h e  e l e c t r o d e  where f r e s h  s o l u t i o n  i s  brought i n  contact  with 
t h e  e lec t rode .  The c u r r e n t  decreases  wi th  i n c r e a s i n g  x s ince  t h e  s o l u t i o n  i n  t h e  
d i f f u s i o n  layer has a l r e a d y  been depleted by t h e  e lec t rode  r e a c t i o n  ifurther upstream. 
Ia ter  it w i l l  be i n s t r u c t i v e  t o  compare t h i s  cur ren t  d i s t r i b u t i o n  with that which 
would be obtained when the ohmic p o t e n t i a l  drop i n  t h e  s o l u t i o n  i s  cont ro l l ing .  

The mass- t ransfer  r a t e  i s  i n f i n i t e  a t  

Other convect ive- t ransport  problems which have been t r e a t e d  include f l o w  i n  a 
p ipe  and i n  annular  condui ts ,  a f l a t  p l a t e  i n  a f r e e  stream, r o t a t i n g  cyl inders ,  
growing mercury drops, r o t a t i n g  d isks ,  and free convection a t  v e r t i c a l  and horizon- 
t a l  p l a t e s  and o u t s i d e  spheres and cy l inders .  

Appl ica t ions  of o t e n t i a l  t h e o r  . 
be ignored, e q u a p m , d a n d  (4) y i e l d  

When concent ra t ion  gradien ts  i n  t h e  s o l u t i o n  can 

- i = -1670 ( 9 )  
where 

(10) 

i s  t h e  conduct iv i ty  o f  the s o l u t i o n .  
over  i y i e l d s  

Equation (2)  when mul t ip l ied  by zi and summed 

v 2 ( 0 = 0 ,  (11) ' 

that i s ,  the p o t e n t i a l  s a t i s f i e s  I a p l a c e ' s  equation. 

The boundary c o n d i t i o n s  are determined with equat ion (9). On i n s u l a t o r s  

& / a Y  = 0 , (12 1 
where y i s  t h e  n o m 1  d i s t a n c e  from t h e  surface.  
lates t h i s  p o t e n t i a l  d e r i v a t i v e  t o  t h e  sur face  o v e r p o t e n t i a l  through equat ion ( 5 ) .  
If the p o t e n t i a l  (0 i n  t h e  s o l u t i o n  i s  measured with a reference  e lec t rode  of the 
same kind as t h e  working e lec t rode ,  then  the sur face  overpoten t ia l  can be eliminated 
w i t h  t h e  r e l a t i o n  

On e lec t rodes ,  equat ion (9) re- 

'1, = v - ( 0 ,  (13) 

where V i s  t h e  p o t e n t i a l  of t h e  metal e l e c t r o d e .  The r e s u l t i n g  boundary condi t ion 
i s  a nonl inear  r e l a t i o n s h i p  between t h e  p o t e n t i a l  and t h e  p o t e n t i a l  der iva t ive  and 
i s  not  commonly encountered i n  o t h e r  a p p l i c a t i o n s  of  p o t e n t i a l  theory.  

In so-called primery-current-distribution p r o b l e ~ s  the sur face  overpoten t ia l  is 
neglected a l t o g e t h e r ,  and t h e  s o l u t i o n  ad jacent  t o  t h e  electrode i s  taken t o  be an 
e q u i p o t e n t i a l  sur face .  
i n  t h e  flow channel considered earlier i s  shown i n  figure 2 f o r  L = 2h. 
b u t i o n  i s  symmetric s i n c e  convection is not  important. The cur ren t  d e n s i t y  is 
i n f i n i t e  at  the  ends of t h e  e l e c t r o d e s  s i n c e  t h e  cur ren t  can flow through t h e  solu- 
t i o n  beyond t h e  ends of the e lec t rodes .  
c u r r e n t  d i s t r i b u t i o n s .  
i s  either i n f i n i t e  o r  z e r o  unless they  form a r i g h t  angle. 

The r e s u l t i n g  c u r r e n t  d i s t r i b u t i o n  f o r  t h e  plane electrodes 
The d i s t r i -  

This  is a genera l  c h a r a c t e r i s t i c  of  primary 
The c u r r e n t  d e n s i t y  where a n  e l e c t r o d e  meets a n  i n s u l a t o r  

The so-ca l led  secondary c u r r e n t  d i s t r i b u t i o n  t a k e s  i n t o  account the surface 
overpotent'lal, a l though t h e  boundary condi t ion  i s  f r e q u e n t l y  replaced b y  a l i n e a r  O r  
a logari thmic ( T a f e l )  r e l a t i o n  between t h e  potential and t h e  p o t e n t i a l  der iva t ive-  
The general e f f e c t  of e l e c t r o d e  p o l a r i z a t i o n  i s  t o  make t h e  secondary cur ren t  d i s t r i -  
b u t i o n  more n e a r l y  uniform t h a n  the primary cur ren t  d i e t r i b u t i o n ,  and a n  i n f i n i t e  Cur- 
r e n t  d e n s i t y  a t  t h e  edge of e l e c t r o d e s  i s  el iminated.  



been t r e a t e d  with account taken o f  concent ra t ion  var ia t ions ,  ohmic p o t e n t i a l  drop, 
and surface overpoten t ia l .  The r e s u l t s  a r e ,  as one might expect, in te rmedia te  be- 
tween t h e  two extreme cases .  
Of the th inness  of  t h e  d i f f u s i o n  l a y e r  has  a l s o  been d iscussede3  

1 
The formulat ion of t h e  problem so a s  t o  t a k e  advantage 
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s i t y  i s  d i s t r i b u t e d  a long  t h e  e lec t rode  i n  t h e  same manner as when migrat ion i s  neg- 
l e c t e d ,  bu t  t h e  magnitude of  t h e  cur ren t  d e n s i t y  a t  a l l  p o i n t s  i s  increased  o r  dim- 
in i shed  by  a constant  f a c t o r  vh ich  depends upon the bulk  composition of the so lu t ion .  
This e f f e c t  has been t r e a t e d 3 j 4  for t h e  r o t a t i n g  disk,  t h e  growing mercury drop, 
pene t ra t ion  i n t o  a semi- inf in i te  medium, t h e  s tagnant  Nernst d i f f u s i o n  layer, and 
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